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AN INVESTIGATION OF RELATIVE STRESSES IN SOLID
SPUR GEARS BY THE PHOTOELASTIC METHOD
I. INTRODUCTION
1. Objects of Investigation.-There were three objects of this in-
vestigation, as follows: (1) To determine stress concentration factors
for spur gear teeth of the Brown and Sharpe form; (2) to determine
the best location of the keyway with respect to the teeth in a solid
gear; and (3) to determine the maximum bore which should be used
in a given solid gear.
2. Acknowledgments.-The investigation herein reported was a
part of the work of the Engineering Experiment Station of the Uni-
versity of Illinois, of which DEAN M. L. ENGER is the director, of the
Department of Mechanical Engineering of which PROF. 0. A. LEUT-
WILER is the head, and of the Department of Theoretical and Applied
Mechanics of which PROF. F. B. SEELY is the head. The writer is
especially indebted to PROF. H. F. MOORE for many helpful suggestions
made during the investigation.
Acknowledgment is due to Brown and Sharpe Manufacturing Co.
of Providence, R. I., for cutting teeth on the gears used in the inves-
tigation.
II. STATEMENT OF METHOD AND DESCRIPTION OF APPARATUS
3. Method.-The photoelastic method was used in this investiga-
tion employing the white light, color-matching means of evaluating
stresses. For a general description of the method the reader is referred
to References 2, 7, and 8.
The monochromatic light method and the Babinet compensator
method as means of evaluating stresses were considered. Since there
was not available a good monochromatic light source that could be
used satisfactorily with the polariscope, the monochromatic light or
fringe counting method was not used. The Babinet compensator
method was not used to evaluate stresses on account of its incon-
venience as compared with the color-matching method in this investi-
gation where the location of the point of highest stress was not usually
known.
In considering the accuracy of the white light, color-matching
method as used in this work, it may be stated that the isochromatic
lines on the photoelastic image afford a means of determining the
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FIG, 1. PHOTOELASTIC APPARATUS
difference in principal stresses at any point in the model. In this
investigation, readings were taken only at the boundary of the models.
At the free boundary of the model, there can exist only one principal
stress, which is a stress tangent to the boundary. This means that one
principal stress is zero, and the photoelastic reading indicates directly
the value of the stress at the boundary.
In determining actual values of the stresses in this work, evidence
points to the fact that the error involved in determining the stresses
is within three per cent. This figure is based on the variation of values
in stress-color calibration charts for the transparent material used.
In comparing stresses in different parts of the model by comparing
the color bands of the photoelastic image, the error involved will be
less than that just stated.
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FIG. 2. LOADING FRAME
FIG. 3. PHOTOELASTIC APPARATUS AND LOADING FRAME
4. Description of Optical Apparatus.-The photoelastic apparatus
consists of a 60-watt Mazda inside-frosted daylight bulb as a light
source, and a Leitz petrographic microscope adapted to photoelastic
purposes. In Fig. 1 is shown the photoelastic apparatus; A is the light
source; B is the reflecting mirror; C is the Nicol prism used as the
polarizer; D is a quarter-wave-length plate mounted on a special
holder on the microscope and at an angle of 90 deg. with E, the second
quarter-wave-length plate, which is part of the standard equipment of
L
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FIG. 4. PYRALIN MODELS OF GEARS
FIG. 5. DIscs AND KEYS USED FOR SHAFTS
the microscope; F is the second Nicol prism used as the analyzer, and
was adjusted so that its axis made an angle of 90 deg. with the axis
of the polarizer; G is the eyepiece which contains cross-hairs; the
transparent model to be tested was placed at H. Objective No. 1 and
eyepiece No. 1 were used; this combination corresponds to a magni-
fication of sixteen diameters.
5. Description of Loading Frame.-In Fig. 2 is shown the frame
used for holding and loading the models of gears. The gears, which are
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FIG. 6. GEAR AND SHAFT ASSEMBLIES
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made of transparent material, and which will be discussed in a follow-
ing article, are 0.225 inches thick, and are fitted to steel discs 0.25
inches thick, each provided with a key, which are intended to repre-
sent the shaft on which the gear is mounted. Figure 4 shows a set of
the pyralin models, Fig. 5 the series of discs or shafts, each with its
key, and Fig. 6 two gear and shaft assemblies. As shown in Fig. 2,
the gear and its shaft are mounted between two % in. x 1 in. steel bars
which comprise the lower rail of the loading frame. The shaft is held
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FIG. 8. STRESS-STRAIN DIAGRAM FOR PYRALIN
rigidly in place by the bolt at A in Fig. 2. The model, being slightly
thinner than the shaft, will not be in contact with the steel bars. By
turning the handwheel B, load is applied through the indicator spring
at C. The dial gage D measures the deflection of the spring, and
affords a means of determining the load transmitted by the spring to
the bar E which runs between ball bearings located at F between the
cross-bars. These bearings are adjustable by means of eccentric bush-
ings. The bar E has a projection provided to apply load to a tooth of
the transparent model. The face of this projection in contact with the
model represents a rack tooth with an angle of obliquity of 141 deg.
Calibration of the dial gage was accomplished by applying known
loads along the axis of the bar at point G. The spring calibration
curve is shown in Fig. 7.
6. Choice of Material for Models.-Pyralin, a pyroxylin plastic
commonly referred to as celluloid, was the material chosen for use in
the investigation. This material was chosen for the following reasons:
(a) its freedom from initial stresses; (b) the comparatively small
stresses developed during machining, and the ease with which these
stresses could be removed; (c) the comparatively small edge stresses
developed after finishing the model; (d) its availability in smooth
sheets of the thickness desired; (e) its transparency; and (f) its low
cost.
7. Mechanical and Optical Properties of Pyralin.-In Fig. 8 are
shown the results of a tensile test on a specimen of pyralin. The
ell
-- ^
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TABLE 1
COLOR-STRESS CHART FOR PYRALIN
Ca//h•rat/a Spec/re-.
Gage Load Bending Stress
Order Color Reading lb. Moment lb. per sq. in.in. lb. bb.p s.in.
I Amber 76 23.8 11.9 945
I Red 87 28.2 14.1 1120
I Green 95 31.4 15.7 1247
II Yellow 124 42.8 21.4 1700
II Red 152 53.9 26.95 2140
II Green 174 62.5 31.25 2480
III Yellow 208 75.9 37.95 3010
III Red 230 84.6 42.3 3360
III Green 250 92.5 46.25 3670
parallel portion of the test specimen was 4 inches in length, and the
cross section was 0.222 in. x 0.747 in. The gage length was 2 inches.
An inspection of Fig. 8 shows the stress-strain curve to be an approxi-
mately straight line up to 1100 pounds per square inch, and an
approximately straight line of slightly less slope from 1100 to 2500
pounds per square inch. Below 1100 pounds per square inch the
modulus of elasticity is 350 000 pounds per square inch. The ultimate
strength of the material is 6270 pounds per square inch.
The stress-optical characteristics of pyralin were determined by
placing a rectangular beam of the material in pure bending in the
loading frame, and calculating the external bending moment and the
resulting stresses on the extreme fiber required to produce correspond-
ing colors of I, II, and III (first, second and third) orders as shown
in Table 1. From column six in Table 1 the equivalent stresses cor-
responding to I, II, and III green colors are 1247, 2480, and 3670
pounds per square inch respectively. From these values, average
values for the optical equivalent stresses corresponding to I, II, and
III order green colors were obtained as 1235, 2470, and 3705 pounds
per square inch, respectively. It is typical of pyroxylin plastic material
that the direct stress in the material plotted against its optical equiv-
alent shows a straight-line relation even above the proportional limit
of the material. A discussion of this property will be found in Refer-
ences 2, 7, and 9. From Table 1 it may be seen that the stresses as
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determined by optical means for I, II, and III order green colors do
not vary more than one per cent from the average values.
8. Preparation of Models.-All of the models of gears had a 3-inch
pitch diameter, and, as received from the manufacturer, had an initial
bore of one inch. The diametral pitch, hereafter referred to as pitch,
is defined as the number of teeth on a gear per inch of its pitch
diameter. The pitches used in the investigation were 4, 5, 6, 7, and 8.
These pitches correspond, respectively, to 12, 15, 18, 21, and 24
teeth on the 3-inch pitch diameter models. A set of the models is
shown in Fig. 4.
The teeth were cut on selected blanks by standard Brown and
Sharpe milling cutters. In cutting the teeth, all the blanks for each
pitch were assembled on a mandrel and the teeth cut across the group
of blanks. As soon as the teeth were cut, the gears were packed in the
chips in order to retard evaporation of camphor from the cut surfaces.
When the gears were received from the manufacturer, the cut edges
were painted with a thin solution of pyralin in amyl acetate. The
gears were then ready for heat treatment to remove the stresses
incurred during the machining process.
For the heat-treating process, an electric heat-treating furnace was
used. The models were stacked in a pile with a light weight on top
and the pile shielded with asbestos. The oven was heated to 115 deg.
F. and maintained at that temperature for several hours, so that it
would be heated throughout. The models were then placed in the oven,
which was brought to and maintained at the original temperature for
four hours, and then allowed to cool. The characteristics of the oven
were such that approximately ten hours were required for its interior
to reach room temperature. This heat treatment removed practically
all internal stresses in the models, as was indicated by a uniform grey
color with no edge coloring when they were viewed through the
polariscope.
Considerable preliminary experimental work was performed in
order to develop a technique of fitting bores and keyways, mounting
models, and loading gears in order to obtain consistent results.
The models were received from the gear manufacturers with a one-
inch bore. It was necessary to turn out this bore slightly in order to
fit the one-inch shaft freely. In turning out the bores, the model was
clamped on a felt-covered face plate of a bench lathe, and was
centered on the lathe by the use of an indicator which read eccen-
tricities of the bore to 0.001 inch. With the indicator as a guide, the
model was centered with respect to the initial bore, and then the new
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bore was turned to fit the shaft. The model was then removed from
the lathe and clamped in a vise, and the keyway was filed. The pro-
cedure outlined was followed in turning out the bores in the models to
accommodate the successively larger shafts.
It was realized early in the preliminary work that, in determining
stresses around a keyway, the keyway must be fitted very carefully.
The method that was used in. cutting and fitting keyways was as
follows: The outline of the keyway was marked on the model with a
sharp scribe, using the shaft and its securely-fastened key as a guide.
The keyway was then roughed out with an ordinary file, and smoothed
to the outline with a fine flat jeweler's file; the keyway corners were
finished with a very fine %-in. square jeweler's file. The shaft was
then put in place and examined in the Leitz petrographic microscope
used for stress distribution tests to check the accuracy of the fit.
In the preliminary work, as a check on the uniformity of the key-
way corners, the model was examined by a Leitz metallurgical micro-
scope. The corner was found to have a fillet of approximately 0.005
in. radius. This corresponds closely to corners of keyways, examined
by the same means, which had been cut on steel gears by sharp milling
cutters. It was felt that the keyways in the models were fairly repre-
sentative of keyways in commercial gears.
The keyways were formed to allow small spaces on two sides of the
key as shown in Fig. 13, in which the surface Ff represents the load-
carrying surface in contact. The surface Ff was fitted carefully and
tested photoelastically to eliminate stress concentration along this
surface. The small spaces at FD and Dd, about 0.01 in. wide, were
necessary to prevent contact along these surfaces which would result
from the slight rotation of the gear on its shaft due to the elasticity of
the pyralin when the load was applied to the tooth. If the key should
fit the keyway with no clearance at FD and Dd, the slight rotation of
the gear on its shaft would cause a relative tipping of the key in the
keyway, thus producing high contact stresses at D and d. In simulat-
ing the conditions of shop practice the procedure of providing clear-
ance involves the assumption that the key would not be driven into the
keyway to produce a bursting action on the gear. In this connection,
too, the assumption is made that the stress distribution along the sur-
faces in contact, Ff, is constant along the length of the key. It is felt
that this latter assumption is justified on the ground that, as will be
shown later, the stress at F is not the critical stress around the keyway.
Furthermore, in a given model, the stress at F is practically constant
as the gear rotates, and plastic flow at F would probably relieve stress
concentration without the danger of the formation of a fatigue crack.
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TABLE 2
STRESSES AT GEAR TOOTH FILLETS
Gage readings and loads for green color at tooth fillets
Pitch
Order of Stress G*
Green lb. per sq. in. and 4 5 6 7 8
B t C Ct Bt Ct Bt Ct Bt Ct
II 2470 G 71.8 67.0 68.3 63.4 65.0 62.0 63.5 57.0 57.5 53.4
L 22.2 20.4 21.0 19.0 19.8 19.2 19.0 16.5 16.8 15.0
III 3705 G 101.0 93.7 94.8 87.6 90.9 84.1 86.2 78.6 80.0 73.0
L 34.0 30.8 31.3 28.7 29.9 27.2 28.1 25.2 25.2 22.8
*G = gage reading and L = corresponding load in pounds.
ITension fillet B (see Fig. 10).
ICompression fillet C (see Fig. 10).
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FIG. 9. TOOTH LOADS AND CORRESPONDING FILLET STRESSES
In order to secure consistent and comparable results, a free but not
loose fit was desired between the model and the shaft. It was found
that the slight rotation of the gear on its shaft during loading pro-
duced an uneven transfer of the load from the gear to the shaft; this
caused the action of the dial gage to be jerky. A thin film of vaseline
on the bore of the model entirely eliminated this jerky action. To
insure the application of load at the corner of the tooth, use was made,
during each mounting of the model, of the cross-hairs in the eyepiece
of the microscope. One cross-hair was placed tangent to the contact
surface of the metal loading tooth. The model was then adjusted so
the other cross-hair was normal to the profile of the loaded tooth of
"let,':p "e.ss/on 
/ /
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TABLE 3
STRESSES AT FILLETS AND STRESS CONCENTRATION FACTORS
Stresses in pounds per sq. in. at fillets, and stress concentration factors for tension fillet B and
compression fillet C (see Fig. 10)
Diametral Pitch ................. . ......... 4 5 6 7 8
Stress by Photoelastic Method B 3290 3520 3750 4000 4400
C 3610 3880 4150 4450 4900
Stress by the Lewis Equation B & C 2240 2390 2640 2960 3275
Stress by Combined Load Equation B 2052 2277 2574 2931 3306
C 2424 2733 3072 3441 3864
Concentration Factors by the Lewis B 1.47 1.47 1.42 1.35 1.345
Equation C 1.61 1.61 1.57 1.50 1.50
Concentration Factors by Combined B 1.60 1.54 1.46 1.37 1.33
Load Equation C 1.49 1.42 1.35 1.29 1.27
the model and at its corner. When this condition was met, the position
of loading was checked photoelastically by observing contact stress
distribution by means of the polariscope.
Due to the technique thus developed, very consistent results were
obtained, and it is felt that the results of tests on different models
were obtained on the same basis and are comparable.
III. DESCRIPTION OF TESTS, DATA, AND RESULTS
9. Stress Concentration Factors for Gear Teeth.-In determining
stress concentration in the gear teeth, models were used with 1-in.
bores and with the keyway located approximately diametrically oppo-
site the loaded tooth. With this arrangement the keyway would have
practically no effect on the stress concentration at the fillets of the
loaded tooth.
Models of gears of 4, 5, 6, 7 and 8 pitch were then placed in suc-
cession in the loading frame and adjusted so that a tooth was loaded
at its corner. Gage readings corresponding to a second and a third
green color at the points of maximum stresses in the tension and com-
pression fillets of the loaded tooth were noted and are recorded in
Table 2. For each model the loads were plotted as a function of cor-
responding stresses, and a mean straight line drawn through the
points. Figure 9 shows typical diagrams of this type. The stresses
corresponding to an arbitrarily selected tooth load of 30 lb. were read
off the curves and appear in Table 3.
By the use of the Lewis equation for static loading, the stresses
corresponding to the 30-lb. tooth load were calculated and appear in
Table 3. Then by an eccentric loading equation applied to loading as
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FIG. 10. ECCENTRIC LOADING FIGURE
TABLE 4
TOOTH DIMENSIONS
Tooth dimensions are given in inches (see Fig. 10).
Diametral Pitch............ 4 5 6 7 8
Number of Teeth. .......... 12 15 18 21 24
a............. ........... . . 0.18 0.14 0.12 0.11 0.10b......................... 0.51 0.41 0.345 0.30 0.26
c.......................... 0.38 0.32 0.28 0.25 0.22
T.......................... 0.095 0.075 0.060 0.050 0.048
indicated in Fig. 10 the stresses corresponding to a 30-lb. tangential
component of the tooth load were calculated and are given in Table
3. In applying the eccentric loading formula, the points of maximum
stresses, B and C in Fig. 10 were marked on the model by the aid of
the photoelastic image. The distances a, b and c in Fig. 10 were then
measured on a magnified image. These dimensions appear in Table 4.
A representative set of calculations for the stresses at tooth fillets
as found by the application of the eccentric loading formula and by
the Lewis equation follows.
Eccentric Loading Formula applied to 4-pitch gear:
Section modulus across BC (Note section is rectangular
and its section modulus is % tc'; t = thickness of
gear. See Fig. 10) = 0.00542 in.'
Gage reading = G (see Fig. 10) = 30 lb.
Normal force N = G - cos 14% deg. = 1.033 G
Angle between normal load and tangential component = f3 = 31 deg.
Radial component R - N sin 13 = 0.533 G
Tangential component W = N cos 1 = 0.886 G
Bending stress due to W = 83.4 G
Bending stress due to R = 8.8 G
Compressive stress due to R = 6.2 G
Direct stress at B = (83.4 - 8.8 - 6.2) G = 68.4 G = 2052 lb. per sq. in.
Direct stress at C = (83.4 - 8.8 + 6.2) G = 80.8 G = 2424 lb. per sq. in.
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Lewis Equation applied to 4-pitch gear:
p' = circular pitch
t = thickness of gear
y = Lewis factor (12 teeth)
= 0.785 in.
= 0225 in.
= 0.067
G cos p
W = Tangential component of tooth load = cos 14 deg. = 26.58 lb.
W
Direct stress at B and C - p' ty
= 2240 lb. per sq. in.
The "factor of stress concentration" for gear teeth as used in this
investigation is defined as the ratio of the stress as determined by the
photoelastic method to the stress as calculated by one of the two
formulas used in the foregoing. The stress concentration factors are
given in Table 3.
A study of results of fatigue tests on shafts with fillets apparently
shows that as the size of the member increases the stress concentration
factor also increases, but the rate of the increase is not the same for
all materials. The values of stress concentration factors found by
fatigue tests are usually lower and in no case higher than the values
K
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FiG. 12. TOOTH FORMS
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FIG. 13. PHOTOELASTIC SKETCH FOR LOADED MODEL
found by the photoelastic method. It is therefore- concluded that the
values given here are safe for design of gears larger than those tested,
namely three inches in pitch diameter. For smaller gears, the values in
Table 3 may be somewhat low (see Reference 11).
Since the teeth in all Brown and Sharpe gears with the same num-
ber of teeth are geometrically similar, the stress concentration factors
are plotted in Fig. 11 as a function of numbers of teeth on the gears.
Figure 12 shows the tooth forms for 4, 5, 6, 7, and 8-pitch teeth
enlarged to the same size for comparison of forms. The scale divisions
in Fig. 12 are one hundredth inch. The radii of the fillets were scaled
from enlarged photographs and are given in Table 4.
10. Best Location of Keyway.-In determining the best location
of the keyway on the basis of minimum stress, models of 4, 5, 6, 7,
and 8-pitch were used. Figure 13 is an enlarged sketch from the image
seen in the photoelastic apparatus with a 4-pitch model, 14-in. bore
with the keyway directly under the loaded tooth. The lines in the
sketch represent green isochromatic lines of order as indicated.
At A in Fig. 13 are shown high contact stresses. The contact
stresses were not determined in this investigation, since they do not
directly determine failure of the gear at the keyway or failure of the
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tooth by a crack forming at a fillet. For a consideration of contact
stresses the reader is referred to References 3 and 6.
In Fig. 13 at B and C are indicated stresses at the tension and com-
pression fillets, respectively, of the tooth. These stresses were con-
sidered in the part of the investigation described in Section 9 when the
keyway was remote from the fillets of the loaded tooth. In the present
part, these fillet stresses were again considered, since the presence of
the keyway may change the stress distribution in the vicinity of the
fillet. The point E represents the projection of the neutral axis for the
critical plane of bending for the tooth.
Along the surface fF, there is a compressive stress due to contact
between the key and model. Along the surface FD is a tensile stress.
At or near the keyway corner F there is no direct stress as indicated
by the black area near F, but near F toward D appears a high tensile
stress. The signs of the stresses mentioned were determined by means
of a Babinet compensator mounted on the microscope in place of the
eye piece. For a description of the Babinet compensator and its use
see Reference 8.
The stress at corner D was, in practically every case examined,
greater than that at F. The stress at F did not vary greatly for each
model and bore, since the stress at F is largely dependent on the load
transmitted between the key and the model. The large stress at D
varied greatly, and hence was a variable stress which would be con-
ducive to the formation of a fatigue crack at D. Therefore the stress
at D was used as the criterion for the strength of the portion of the
gear between the keyway and the tooth space. The diameters of bores
used were 1 in., 1% in., 11/4 in., 1% in., 11 in., 1% in., 1% in., and
1% in., each with a keyway to accommodate a square key whose sides
were one-quarter the shaft diameter.
The keyway locations were arranged so that a radial line drawn
through the center of the face of the key would occupy the following
positions: a line, (labeled a in Fig. 15) bisecting a tooth, a line
(labeled g) bisecting the next tooth, and five equally-spaced inter-
mediate positions (labeled b, c, d, e and f). Obviously the same model
can be used for more than one position, for example, for positions
b and h, and also for positions b and f by reversing the model. In
addition, two keyways were cut in some models at positions approxi-
mately 180 deg. apart. By this means the number of models required
was reduced.
As a preliminary test, a 4-pitch model (12 teeth) with a bore of
1% in. was examined using 72 keyway locations with respect to the
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TABLE 5
GAGE READINGS FOR 72 KEYWAY LOCATIONS
Gage readings for la, II, and III green color at keyway corners D and F (see Fig. 13)
4-pitch gear with 12-in. bore
Keyway Location
Number
1
2
3
4
5
6
7
8
9
10
11
12
k
D F
115 163
176 ...
58.2 ...
110 159
162 ...
54.4 ...
62 172
93 ...
31.0 ...
113 --
167 ...
56.0 ...
170 --
251 ...
84.6 ...
159 162
242 ...
80.2 ...
157 165
238 ...
79.0 ...
147 163
220 ...
73.4 ...
147 163
223 ...
74.0 ...
138 168
207
69.0 ...
125 162
190 ...
63.0 ...
111 163
169 ...
56.0 ...
F
160
170
195
163
165
163
160
160
161
160
bl a
D F
100 162
152 ...
50.4 ...
91 182
135 ...
45.2 ...
51 210
76 ...
25.4 ...
148 --
223 ...
74.4 ...
145 182
220 ...
73.0 ...
139 165
208 ...
69.4 ...
131 160
197 ...
65.6 ...
127 160
189 ...
63.2 ...
123 160
184 ...
61.4 ...
113 159
170 ...
56.6 ...
110 160
161 ...
54.2 ...
99 163
152 ...
50.0 ...
*Dash signifies above 250
loaded tooth, that is keyway locations every 5 deg. around the gear.
The stress at corner D was investigated.
The gage readings corresponding to green colors were recorded.
Since the spring calibration diagram, Fig. 7, is a straight line, the gage
readings themselves were used in plotting the curves, instead of the
actual corresponding loads. In order to minimize the effect of initial
stress, the first order green color was not used. The second and third
o
D
112
167
55.8
59
90
29.8
106
159
53.0
178
265
88.6
158
241
78.8
153
230
76.6
141
211
70.4
135
205
68.0
137
202
67.8
128
192
64.0
111
169
56.0
111
169
56.0
F
160
188
176
164
160
162
164
165
162
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FIG. 14. RELATION BETWEEN LOADING AND KEYWAY LOCATION FOR
4-PITCH GEAR WITH 1%-IN. BORE
order green colors were used, and a value corresponding to a first order
green was calculated. This was accomplished by dividing by two the
gage reading for a second order green, and averaging this value with
one-third the gage reading for a third order green. This gave a gage
reading to represent a stress corresponding to the first order green
color.
For the 4-pitch gear with 11/-in. bore the gage readings were
recorded for 72 keyway locations. The data appear in Table 5 in
which tooth number 3 is the loaded tooth. The results are plotted in
Fig. 14. In Table 5, la represents the computed gage reading corre-
sponding to a first green color. It may be noticed from Table 5 that
the readings for corners F and D indicate that D is the critical corner.
It is apparent that when a large load, or gage reading, is required
to produce a first order green at the corner D a favorable location of
the keyway is indicated; while a low load indicates an unfavorable
location. It is also apparent that the low point is reached, in Fig. 14,
when the keyway is near the loaded tooth. On the basis of the curve
in Fig. 14, the succeeding tests included only the portion of the curve
in Fig. 14 from a to m.
Table 6 records data for the 4-pitch, 12-tooth gear, for thirteen
keyway locations, a to m, Fig. 15. Table 6 is given as a representative
table.
In Fig. 15(a) the results of Table 6 are plotted. Figures 15(b),
15(c), 15(d), and 15(e) show results for gears of 5, 6, 7, and 8 pitch
respectively.
An inspection of these curves reveals that the curve for 1-in. bore
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TABLE 6
GAGE READINGS FOR KEYWAY AND TOOTH FILLET STRESSES FOR 4-PITCH GEAR
Gage readings for la, II, and III green color at keyway corners D and F and
tooth fillets B and C (see Fig. 13)
Bore
in.
1
Keyway
Location
a
b
c
d
e
f
h
k
m
a
b
c
d
*Above 240.
B
66
65
64
65
67
66
64
64
66
64
67
66
65
64
64
64
65
66
64
64
64
65
65
63
65
64
64
63
64
65
64
65
64
66
64
63
64
64
64
C
61
60
59
59
62
61
59
59
62
60
62
61
61
59
59
59
60
62
60
60
59
60
60
58
59
59
59
58
60
60
59
60
60
61
60
59
60
60
60
F
102
98
107
116
128
132
137
146
146
153
158
158
160
122
120
118
139
137
139
142
142
148
153
152
153
155
157
160
166
150
162
178
180
____
D
105
101
105
115
119
117
115
114
121
125
129
135
145
122
109
117
136
129
127
126
129
135
133
135
146
159
129
122
131
144
138
130
120
131
153
144
147
157
171
B
100
100
98
100
104
100
99
98
100
98
103
103
100
101
100
100
100
102
98
98
100
102
102
100
100
97
96
96
96
98
96
96
97
96
98
96
66
98
98
D
156
151
159
175
179
175
170
175
181
188
194
202
220
180
163
176
204
192
190
190
192
203
199
203
219
238
194
180
196
220
211
195
181
200
228
216
221
238
256
B
33.0
33.0
32.6
D
52.2
50.4
52.8
58.0
59.6
58.4
57.0
57.8
60.4
62.6
64.6
67.4
73.0
60.4
54.4
58.6
68.0
64.2
63.4
63.2
64.2
67.6
66.4
67.6
73.0
79.4
64.6
60.4
65.4
72.8
69.8
65.0
60.2
66.2
76.2
72.0
73.6
79.0
85.4
is more or less uniform. As the bore increases up to 1¼ in., in
Fig. 15 (a) for example, the gage readings are higher and less uniform.
The greater value is doubtless due to the smaller key loads, and the
greater variation is probably due to the keyway approaching the
loaded tooth and affecting the stress distribution. For bores of larger
diameter than 11/4 in., the gage readings to produce the stress corre-
sponding to a first green color show a decrease. This decrease, which
indicates unfavorable or high-stress condition, is probably due to the
decrease in the section of the model between the keyway and the root
of the tooth which has more influence in raising the stress than the
lower key loads have in reducing it.
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TABLE 6 (Concluded)
GAGE READINGS FOR KEYWAY AND TOOTH FILLET STRESSES FOR 4-PITCH GEAR
Gage readings for Ia, II, and III green color at keyway corners D and F and
tooth fillets B and C (see Fig. 13)
Bore
in.
Keyway
Location
a
b
c
d
e
/9
h
i
k
m
a
b
C
d
e
/f
h
i
k
m
a
b
c
d
e
f
h
k
m
B
64
63
65
65
63
65
64
65
63
65
64
64
65
65
63
62
65
64
63
64
65
64
64
65
64
64
60
60
61
62
60
62
60
62
63
63
62
60
60
C
59
58
59
60
59
60
59
61
58
60
59
59
59
60
58
57
60
60
59
59
60
60
58
59
59
59
55
56
56
57
56
57
56
56
59
58
57
56
56
F D
167 109
178 89
182 90
198 100
215 90
220 88
-- * 88
-- 110
-- 126
-- 132
-- 130
-- 140
-- 162
182 90
187 68
163 60
156 70
172 62
197 57
210 50
- 80
- 106
- 110
-- 112
- 130
- 150
198 85
212 60
186 50
172 54
194 55
202 52
220 40
-- 46
-- 71
- 78
- 68
-- 82
- 130
B
94
96
94
96
96
97
94
95
94
95
94
96
96
94
94
93
95
94
93
96
94
95
94
95
95
95
92
92
91
93
92
93
93
92
95
93
92
92
93
D
164
131
136
147
135
129
132
165
190
195
192
214
245
136
104
88
102
92
87
76
120
160
164
170
194
222
126
180
72
80
81
80
60
70
110
108
105
124
194
B
....
....
....
32.2
. . . .
....
....
....
....
. . . .
....
....
....
....
....
....
32.0
....
....
....
....
....
. . . .
....
. . . .
....
....
....
....
31.0
....
....
....
....
....
....
....
....
. .
. .
*Above 240.
The lowest maximum value on the curves indicates the best loca-
tion of the keyway. This location is in all cases very near location d;
that is, where the radial center-line of the keyway is in line with the
center of the tooth space. Location g is the poorest; that is, where the
radial center-line of the.keyway is in line with the center-line of the
loaded tooth.
11. Gear Proportions for Equal Strength.-As mentioned in Section
10, the stress at the keyway corner D was made the criterion of the
strength of the part of the gear between the keyway and the tooth
space. For the best location of the keyway, namely d, Fig. 15, the
gage readings to produce a first green color at D were plotted as a
D
55.6
44.0
45.2
49.4
45.0
43.4
44.0
55.0
63.2
65.4
64.4
70.8
81.4
45.2
34.4
29.6
34.4
30.8
28.8
25.2
40.0
53.2
54.8
56.4
64.8
74.4
42.2
30.0
24.4
26.8
27.2
26.4
20.0
23.2
36.2
39.2
34.6
41.2
64.8
PHOTOELASTIC DETERMINATION OF STRESSES IN GEARS
ILLINOIS ENGINEERING EXPERIMENT STATION
PHOTOELASTIC DETERMINATION OF STRESSES IN GEARS
function of the bore. Hence, the values for the 4-pitch gear from Fig.
15(a) are plotted to form curve D in Fig. 16(a).
In Table 6 are recorded the gage readings to produce a second
and third order green color at the tension and compression fillets of
the loaded tooth. For the strength of the tooth, the stress at the
tension fillet was made the criterion, since a fatigue crack is more apt
to form at the tension fillet than at the compression fillet. On Fig.
16(a) was plotted the gage reading corresponding to a first green
color at the tension fillet B. The intersection of curves D and B on
Fig. 16(a) represents the point of equal stress at the keyway corner
and tooth fillet at the tension side. The abscissa corresponding to the
point of intersection represents the bore which will allow equal tensile
stresses. The interpolation curves, as described for the 4-pitch gear,
are given for the 5, 6, 7, and 8-pitch gears as Fig. 16 (b), (c), (d),
and (e).
From Fig. 16, on the basis of equal maximum tensile stresses at the
tooth fillet and the keyway corner, the maximum bores which should
be used for the 4, 5, 6, 7, and 8-pitch gears of 3 inches pitch diameter
are, respectively, 1.52, 1.67, 1.75, 1.82, and 1.87 inches. Since all gears
with a given number of Brown and Sharpe teeth are geometrically
similar, and using the reasoning given in Section 9, the foregoing
results may be put into the form of an equation involving the pitch
diameter, the number of teeth and the diameter of bore. An equation
which represents this relation is given in Chapter IV.
IV. CONCLUSIONS
Based on the tension fillet of the gear tooth, the Lewis equation
gives stresses which are from 35 to 47 per cent lower than those
determined by the photoelastic method. Stress concentration factors
based on the Lewis equation and also on an eccentric loading formula
for gears with 12 to 24 teeth are given in Fig. 11.
The best location of the keyway for solid spur gears on the basis
of lowest stress is that in which the center-line of the keyway is in
line with the center-line of a tooth space. The poorest location is that
in which the center-line of the keyway is in line with the center-line of
a tooth.
The maximum bore that should be used in a solid spur gear having
Brown and Sharpe teeth for equal maximum tensile stresses in the
gear, based on the photoelastic method, is given by the following
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equation, where d represents the maximum allowable bore in the gear,
D the pitch diameter, and T the number of teeth on the gear:
d = D [0.50 + 0.0344 V/T- 12 ].
This equation, which allows for a square key whose sides are one-
quarter the diameter of the shaft, applies only when the center-line of
the keyway is in line with the center-line of a tooth space. In addi-
tion, it strictly applies only for the numbers of teeth covered in this
investigation, namely, 12 to 24. For gears having a larger number of
teeth than 24, the equation may be used to obtain an approximate
maximum bore by taking T equal to 24 in the equation.
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